Most of the farmers shifted to direct-seeded rice (DSR) from conventional puddled-transplanted system. One of the major challenges in DSR is weed management, which reduces the productivity of the rice system significantly. Therefore, many herbicide combinations are being tried for broad-spectrum control of weeds. In the present study, field experiments were conducted during Kharif 2013 and 2014 to know the herbicides efficacy when used in mixture using dose-response curve in DSR. The treatments comprised of tank-mix combinations of two herbicides viz. fenoxaprop (0, 30, 40, 50, 60 g/ha) and metsulfuron (0, 2.5, 3.0, 3.5, 4.0 g/ha) to control grassy and broad-leaved weeds, respectively in DSR. Among many non-linear dose-response models, hill model was found to be the best for the data. Results revealed that when fenoxaprop applied in mixture with metsulfuron, its efficacy increased/decreased 4-5% during both the years. Further, when metsulfuron was applied in mixture, its ED50 value was increased from 3.43 to3.62 g/ha as compared to its alone application. Thus, the study revealed the presence of antagonistic effect of fenoxaprop on metsulfuron when used in mixture, which ultimately resulted in reduced efficacy in terms of pre cent weed control.
In many Asian countries, rice was grown formerly in puddled-transplanted system. But nowadays, most of the farmers started to shift their rice cultivation to direct-seeded rice (DSR) from conventional puddled-transplanted rice (PTR) because puddling or repeated tillage under wet conditions need more labour, water, and energy Chauhan et al. 2012 ). One of the major challenges in DSR is weed management, which reduces the productivity of the rice system significantly (Singh et al. 2007 , Chauhan and Johnson 2010 , Mahajan and Chauhan 2011 . In this system, weeds germinate at the same time as rice seeds which in later stages give tough competition to the main crop. Yield losses due to weeds in DSR systems can go as high as 90% if no control measures are taken in time (Chauhan and Johnson 2011) . Therefore, DSR system requires proper control of weeds to get the desired yield of the crop. Among all the methods of weed control, use of herbicides is established as a major method of weed control which led to development of many molecules for the control of broad-spectrum weeds.
Herbicides such as pendimethalin, oxadiazon, oxdiargyl, and pyrazosulfuron as pre-emergence; and bispyribac-sodium, azimsulfuron, penoxsulam, fenoxaprop, and 2,4-D as post-emergence have been reported to provide effective weed control in rice (Chauhan 2012) . However, use of single herbicide is often not sufficient to control all weeds effectively in DSR systems. Further, the continuous use of a single herbicide over a long period of time may develop herbicide resistance against some weeds and shifts in weed flora (Buhler et al. 2000 . Therefore, herbicide combinations are being tried for achieving broad-spectrum weed control.
Information regarding the optimum combination of two herbicide doses is of substantial significance in weed control. In the past, studies have been conducted where dose-response curves have been used to study the biological effects of herbicides for weed control, resistance of weeds, and herbicide persistence in soil (Streibig 1987 , Streibig et al. 1993 , Streibig and Jensen 2000 , Price et al. 2012 . Studies on dose-response relationship is important to know the herbicide efficacy and mode of action. In order to improve weed control efficacy and reduce the application costs, the use of herbicide mixtures has become popular in many countries (Kudsk 2002 ). This strategy also characterises an important means to avoid problems related to herbicide resistance *Corresponding author: yogitagharde@gmail.com Indian Journal of Weed Science 49(2): 165-169, 2017 165-169, DOI: 10.5958/0974-8164.2017 .00042.9 (Friesen et al. 2000 , Sattin et al. 2000 , but it requires some preliminary information to assist farmers with the process of herbicide and dose selection. Keeping this in view, a field experiment was conducted to know the herbicides efficacy in mixture using doseresponse curve in direct-seeded rice.
MATERIALS AND METHODS
A field experiment was conducted on directseeded rice (DSR) during Kharif 2013 and 2014 at the experimental farm of ICAR-Directorate of Weed Research, Jabalpur situated at 23.90° N latitude, 79.58° E longitude and at an altitude of 412 m above mean sea level. The climate of study area is characterized by mean annual precipitation of 1277 mm, mean annual temperature of 24.6°C, mean annual maximum temperature of 31.27°C and mean annual minimum temperature of 17.97°C.
The soil of the experimental field was clay loam, pH 6.9 and OC 0.71%, low in N, medium in available P and K. The field was prepared by giving two ploughings, one with cultivator and another with rotavator. Rice (cv. Kranti) was dry-seeded at 30 kg/ ha with tractor mounted seed-cum-fertilizer drill. The crop was sown in rows 18.5 cm apart at a depth of 2-3 cm on mid-June and harvested in early-November. The field was surface-irrigated after seeding for uniform germination, and further, irrigation was given as per requirement of crop. Nitrogen was applied at 120 kg/ha in three splits, 1/3 each as basal, at 28 DAS (tillering) and at 60 DAS (panicle initiation). Phosphorus at 60 kg/ha as P2O5 was applied with the zero-till cum fertilizer drill machine during seeding. Potassium at 60 kg/ha as K2O was broadcasted uniformly before rice seeding.
The experiment was laid out in 5 2 factorial randomized block design with 3 replications. The treatments comprised of tank-mix combinations of two herbicides viz. fenoxaprop and metsulfuron. Fenoxaprop was used to control grassy weeds at 0, 30, 40, 50, 60 (recommended) g/ha whilemetsulfuron was applied at 0, 2.5, 3.0, 3.5, 4.0 (recommended) g/ha to control broad-leaved weeds.
Data recording and treatment
Herbicides were tank-mixed in specified doses for making different combinations and applied to the crop at 25 DAS. Twelve days after the application of herbicides, data on per cent weed control were observed. Error assumptions (normality, randomness and homogeneity of the error variance) were confirmed with studentized residuals and ShapiroWilk normality test before fitting the model. Data were found non-normal, therefore arc sine transformation was applied to the data to make its distribution normal so that data meets the assumptions before analysis.
Model fitting
Non-linear models describing biologically realistic dose responses are preferred over essentially invalid models such as straight line, polynomials, and inverse polynomials. Dose-response curve are generally used to fit data on doses of herbicides and response of weeds in terms of weed control (Green 1991) . The plot of curve can be easily interpreted and is immediately informative to readers. In the present study, non-linear dose-response models were fitted to the data e.g. logistic, log-logistic, log-probit, Hill function and variant of these models (with intercept and without intercept). These are all S-shaped curve and help in understanding the dose-response relationships. Among all, dose-response Hill model was found to be best for the data. Dose-Response Hill function is given by:
where, y is the % weed control, is intercept, =ymax, x denote the dose, is the hill coefficient of sigmoidicity and denote the ED50 value or the dose for which 50% weed control is obtained. Hill model is very flexible and effective in fitting experimental data (Goutelle et al. 2008) .
RESULTS AND DISCUSSION

Weed flora
The field was mainly infested with Echinochloa colona, Alternanthera sessilis, Eclipta alba, Ludwigia adscendenus, Dinebra retroflexa, Cyperus iria, Ammania baccifera and Commelina benghalensis with varying density in two years. Total weed flora consisted of 73% broad-leaved species, 11% grassy and 16% sedges in 2013. In the year 2014, weed flora consisted of 46% broad-leaved, 22% grassy and 32% sedges.
Herbicde dose and plant response
In our study, in 2013, fenoxaprop poorly controlled grassy weeds at recommended dose (60 g/ ha) as well as at lower doses. However, in 2014, it controlled all grassy weeds even at lower doses. Different graphs were obtained by fitting the hill model to the data. Fitting dose-response curve to identify herbicide efficacy and EDthat when fenoxaprop was applied in combination with metsulfuron, its control efficacy increased from 68 to 73% and ED50 value reduced to 44.9 g/ha from 49.7 g/ha when applied alone.
The relationship between herbicide-dose and plant-response (in terms of weed control) is of fundamental importance in understanding herbicide efficacy (Seefedlt 1995) . The classical bioassay, often used to quantify the amount of herbicide in soil, employs a single 'standard' dose-response curve. This standard curve is then used to estimate the amount of herbicide in an unknown sample based on plant response in the sample (Nyffeler et al. 1982) . The optimal herbicide dose is influenced by how much to be applied to avail an acceptable level of control. Therefore, in order to optimize herbicide usage, a knowledge of efficacy is necessary (Pannell 1990 ).
Analysis also revealed that almost 100% control of grassy weeds was achieved with recommended dose (60 g/ha) of fenoxaprop when applied alone during 2014 (Figure 2a) . It has been established that under optimum weather and soil conditions, effective weed control may be obtained with doses of herbicide below that recommended by the manufacturer (Brain et al. 1998) . But when applied in mixture its efficacy decreased to 96%. The ED50 value was estimated as 39.8 g/ha from the fitted model when used alone but it was increased to 45.7 g/ha when used in mixture (Figure 2b) . Therefore, efficacy of the fenoxaprop decreased due to antagonistic effect of metsulfuron when applied in mixture.
On the other hand, metsulfuron controlled all broad-leaved weeds significantly even at the lower doses (<4 g/ha) in 2013. Hill model was also used to fit the data of metsulfuron alone as well as in mixture (Figure 3 ).
Metsulfuron applied alone, controlled all broadleaved weeds effectively even at the lower doses than recommended (4 g/ha). Its ED50 value was obtained as 1.68 g/ha when applied alone but increased to 2.94 g/ha when applied in combination with fenoxaprop (Figure 3) . Hence, it can be inferred that fenoxaprop has some antagonistic effect on metsulfuron when applied in mixture. In 2014, when metsulfuron was applied alone, it controlled 95% of broad-leaved weeds and ED50 value was obtained as 3.43 g/ha. But, when it was applied in mixture with fenoxaprop, its efficacy reduced to 90% with ED50 value as 3.62 g/ ha. These results indicated antagonistic effect of fenoxaprop on metsulfuron when used in mixture.
Responses of herbicides in terms of weed control were different in 2 years. This was due to variable composition of broad-leaved, grassy weeds and sedges in soil seed bank (Anwar et al. 2013) . During 2013, fenoxaprop failed to control all grassy weeds at lower doses but the weed control efficiency increased from 68 to 73% when used in mixture. On the other hand, it controlledall grassy weeds at recommended dose as well as at lower doses during 2014. However, when it was tank-mixed with metsulfuron, its efficacy decreased to 96% which confirmed the antagonistic effect of metsulfuron over fenoxaprop. Fitting dose-response curve to identify herbicide efficacy and EDDuring both the years of experimentation, the efficacy of metsulfuron decreased when used in mixture. This further showed the presence of antagonistic effect of fenoxaprop on metsulfuron when used in mixture. In both the years, ED50 value of both the herbicides were different, so it was not possible to combine the results and therefore results were presented separately.
It was concluded that fenoxaprop and metsulfuron showed antagonistic effect on each other when used as tank-mix combination. These results are useful for the farmers and researchers to know about the compatibility of these two herbicides in direct-seeded rice.
